Human T-cell leukemia virus type 1 (HTLV-1) is the causative agent of adult T-cell leukemia (ATL). HTLV-1 bZIP factor (HBZ), the viral gene transcribed from the antisense strand, is consistently expressed in ATL cells and promotes their proliferation. In this study, we found that a Wnt pathway-related protein, disheveled-associating protein with a high frequency of leucine residues (DAPLE), interacts with both HTLV-1 Tax and HBZ. In the presence of DAPLE, Tax activated canonical Wnt signaling. Conversely, HBZ markedly suppressed canonical Wnt activation induced by either Tax/DAPLE or b-catenin. As a mechanism of HBZ-mediated Wnt suppression, we found that HBZ targets lymphoid enhancer-binding factor 1, one of the key transcription factors of the pathway, and impairs its DNA-binding ability. We also observed that the canonical Wnt pathway was not activated in HTLV-1-infected cells, whereas the representative of noncanonical Wnt ligand, Wnt5a, which antagonizes canonical Wnt signaling, was overexpressed. HBZ was able to induce Wnt5a transcription by enhancing its promoter activity through the TGF-b pathway. Importantly, knocking down of Wnt5a in ATL cells repressed cellular proliferation and migration. Our results implicate novel roles of HBZ in ATL leukemogenesis through dysregulation of both the canonical and noncanonical Wnt pathways.
INTRODUCTION

Human T-cell leukemia virus type 1 (HTLV-1) is the causative agent of adult T-cell leukemia (ATL).
1-5 HTLV-1 Tax is an important viral transactivator, and has been thought to have a key role in the pathogenesis of HTLV-1. 5, 6 However, the finding that expression of functional Tax cannot be detected in B60% of fresh ATL cases indicates that other viral and/or cellular factors might also be implicated. 5, 7 We have reported that HTLV-1 bZIP factor (HBZ), which is encoded by the minus strand of the HTLV-1 provirus, promotes proliferation of ATL cells and is consistently expressed in all ATL cells. 8, 9 Recently, we also demonstrated that HBZ transgenic mice developed T-cell lymphomas and systemic inflammation, 10 indicating that HBZ has an oncogenic property and has important roles in HTLV-1-associated pathogenesis.
The Wnt signaling is a highly conserved cellular signaling pathway in eukaryotes and has critical roles in embryonic development and tissue homeostasis. 11 To date, 19 Wnt ligands have been discovered and found to trigger the multiple pathways of Wnt signaling. 11 The most well-studied cascade is the so-called canonical Wnt pathway (also known as the Wnt/b-catenin pathway), which is b-catenin-dependent and mainly controls cell differentiation, proliferation and apoptosis. 12 In the absence of the canonical Wnt ligands, cytosolic b-catenin is subjected to a destruction complex consisting of axis inhibitor, adenomatous polyposis coli, glycogen-synthase kinase 3b and casein kinase 1, phosphorylated at Ser45/Thr41/Ser37/33 by casein kinase 1/glycogen-synthase kinase 3b and finally degraded by a proteasome. 12 When a canonical Wnt ligand exists, it binds to low-density lipoprotein-receptor-related protein and frizzled membrane coreceptors and triggers the recruitment of disheveled (Dvl) to the membrane, which then binds to axis inhibitor, and thus prevents the formation of the destruction complex. Consequently, free cytosolic b-catenin accumulates and is translocated into the nucleus, where it binds to T-cell factor/ lymphoid enhancer-binding factor (TCF/LEF) and coactivates the transcription of target genes. 12, 13 Other branches of Wnt signaling, such as the Wnt-Ca 2 þ or planar cell polarity pathway, are generally referred to as the noncanonical Wnt pathway, which might only need frizzled membrane as a single receptor and does not signal through b-catenin. 13 It is well accepted that the noncanonical Wnt ligands antagonize the canonical Wnt pathway, although the mechanism is not clearly defined. 14 So far, aberrant activation of the canonical Wnt pathway has been linked to many cancers, including some virus-induced malignancies, such as hepatocellular carcinoma, Kaposi's sarcoma and cervical cancer. [15] [16] [17] [18] [19] It is also involved in hematological malignancies. [20] [21] [22] [23] However, its roles in ATL have not been clarified. In this study, we demonstrate that the canonical Wnt pathway is actually not activated in HTLV-1-infected cells; in addition, HBZ suppresses it through interacting with LEF1 and impairing its DNA-binding ability. Meanwhile, HBZ upregulates the expression of the noncanonical Wnt5a by enhancing its promoter activity. Knockdown of Wnt5a impairs both proliferation and migration of ATL cells, indicating that perturbation of the Wnt signaling pathways by HBZ is associated with the leukemogenesis of ATL.
RESULTS
HBZ counteracts the canonical Wnt activation induced by Tax
Previously, we identified several cellular candidates of the HBZ interactants by yeast two-hybrid screening. 24 Among them, we focused on one protein named Dvl-associating protein with a high frequency of leucine residues (DAPLE) for two reasons; first, it is a bZIP protein, suggesting that it can hetero-dimerize with HBZ through their bZIP domains. Second, it has been reported that this protein is associated with the Wnt/b-catenin pathway, 25 which is a well-studied oncogenic signaling pathway. In our initial experiment, we overexpressed HBZ and DAPLE in 293FT cells and confirmed their interaction by co-immunoprecipitation (Co-IP) assay (Supplementary Figure S1) . In some previous studies, it has been shown that HTLV-1 Tax and HBZ target the same cellular molecules, such as NF-kB p65, CREB and p300/CBP, but exhibit opposite effects. [26] [27] [28] [29] So we next asked if Tax also interacts with DAPLE and has any effects on the Wnt pathway. We found that Tax could bind to DAPLE and also Dvl2, the cellular partner of DAPLE ( Figure 1a ). This association was also confirmed to occur endogenously in an ATL cell line, ATL-T (Figure 1b ). To further reveal the impact of the association of Tax and DAPLE/Dvl2, we performed reporter assay in Jurkat cells, using Topflash and Fopflash luciferase plasmids, which contain wild-type or mutant TCF/LEF-binding motifs, respectively. Tax and Dvl2 induced canonical Wnt activation, which was greatly enhanced by DAPLE ( Figure 1c ). As Dvl2 is active upon phosphorylation, 30 we then investigated the effects of Tax and DAPLE on its phosphorylation. We found that DAPLE could induce the phosphorylation of endogenous Dvl2 (Figure 1d , lanes 1 and 6-9), while the amount of Dvl2 was increased when Tax was coexpressed (Figure 1d , lanes 7, 8, 10 and 11). Thus, these results showed that DAPLE and Tax cooperatively enhanced Dvl2 phosphorylation, which might lead to the activation of the canonical Wnt pathway. When we introduced HBZ to this interplay, we found that the activation induced by Tax/Dvl2/DAPLE was dose-dependently suppressed (Figure 1e ). In particular, low dose of HBZ was able to abolish the activation by Tax/DAPLE/Dvl2, suggesting a strong suppressive function of HBZ in the canonical Wnt pathway. However, we found that HBZ had no effect on Tax/DAPLE-induced Dvl phosphorylation (data not shown), indicating that Wnt suppression by HBZ might not be a direct consequence of the HBZ-DAPLE interaction.
Therefore, although we could not clarify the significance of the interaction between HBZ and DAPLE in the Wnt pathway, we tried to look for other possible targets of HBZ.
HBZ binds to TCF1/LEF1 and impairs DNA-binding ability of LEF1 To find out the mechanism of HBZ-induced canonical Wnt suppression, we first analyzed the effect of HBZ on b-catenin, which is a downstream effector of the Wnt/b-catenin pathway. Surprisingly, both wild-type and constitutively active form of b-catenin-induced hyperactivation of the pathway was greatly suppressed by HBZ ( Figure 2a) . As constitutively active b-catenin is resistant for the N-terminal phosphorylation and following degradation, we suspected that HBZ-induced canonical Wnt suppression might be independent of b-catenin stability. b-catenin has to cooperate with its nuclear binding partners, TCF/LEF proteins, to induce the canonical Wnt activation. We next focused on the TCF/LEF proteins. We constructed the expression plasmids for LEF1 and TCF1, two members predominantly expressed in T cells, 12, 31, 32 and found that HBZ colocalized with both proteins in the nucleus (Figure 2b ). Co-IP analysis demonstrated the physical interaction between HBZ and LEF1 or HBZ and TCF1 (Figures 2c and d) . Deletion of the AD or CD domain of HBZ impaired the interaction, indicating that both domains are implicated in interactions with LEF1/TCF1. These associations were also confirmed in a stable transfectant of HBZ, Jurkat-MycHis-HBZ, in which expression level of HBZ is comparable to ATL cells (Figure 2e and Supplementary Figure S2) .
Next, we further analyzed the association of HBZ and LEF1 or TCF1. Because TCF1 and LEF1 are similar in structure and in most cases functionally redundant in T cells, 12, 31, 32 we chose LEF1 for further analysis. We constructed deletion mutants of LEF1 that lack the N-terminal b-catenin binding domain (DbBD), the central context-dependent regulatory domain (DCRD) and the C-terminal high-mobility group DNA-binding domain (DHMG), respectively. Speculating that HBZ might interfere with the DNA association of LEF1, we evaluated the effect of HBZ on the DNA-binding ability of LEF1 by quantitative chromatin immunoprecipitation assays. We found that HBZ significantly suppressed the binding of LEF1 to specific TCF/LEF-binding sites (Figure 2g ), which accounted for how HBZ could markedly suppress the Wnt/b-catenin pathway.
The canonical Wnt pathway is not activated in HTLV-1-infected cells It has been reported that active canonical Wnt pathway in T-cell leukemic cell lines, including CEM, Molt4 and SupT1, promotes their proliferation. 33 Because of the strong Wnt-suppressing capacity of HBZ, we assumed that the canonical Wnt pathway might not be activated in HTLV-1-infected cells. We compared the canonical Wnt activity in HTLV-1 noninfected and infected cell lines. In accordance with a previous study, 33 CEM, Molt4 and SupT1 were found to have activated Wnt signaling. Other two HTLV-1 noninfected T-cell lines tested in this study, Jurkat and Hut78, were also active for the canonical Wnt pathway (Figure 3a) . On the contrary, the value of Topflash was equivalent to or lower than that of Fopflash in all HTLV-1-infected cell lines (Figure 3a) , indicating that the canonical Wnt pathway is not activated in HTLV-1-infected cells. To prove the involvement of HBZ in this nonactivated status, we suppressed HBZ expression in ATL-T. Topflash reporter activity was elevated (Figure 3b ), suggesting an increase of canonical Wnt activity. However, no marked but only mild increase of canonical Wnt activity was observed. It is possible that HBZ has strong suppressive ability on the Wnt pathway, so partial knockdown of HBZ might not affect much on the Wnt activity. Indeed, shHBZ-28 induced less-efficient knockdown of HBZ than shHBZ-6, which also resulted in less increase of the Wnt activity. To better understand the physiological importance of the nonactivated canonical Wnt pathway in ATL cells, we enforced activation of the pathway in ATL-T cells by constitutively active b-catenin overexpression. Cell proliferation was decreased (Figure 3c It has been reported that TGF-b can induce Wnt5a expression. 34, 35 Meanwhile, according to our previous report, HBZ activates the TGF-b signaling pathway. 36 These reports suggest that HBZ-induced Wnt5a expression is associated with the TGF-b signaling pathway. We cloned a 2-kb fragment of the Wnt5a promoter region into the pGL4.10 reporter plasmid and performed reporter assay in a TGF-b-responsive cell line, HepG2. We found that HBZ enhanced transcription from the Wnt5a promoter, which was further enhanced by TGF-b (Figure 4c, lanes 1 and 2) . An inhibitor of the TGF-b receptor, SB431542, 36 suppressed the activation of Wnt5a promoter by HBZ, thereby indicating that the TGF-b pathway is implicated in this activation (Figure 4c, lane 3) . These results suggest that HBZ can induce Wnt5a transcription through activating its promoter via the TGF-b pathway.
Wnt5a supports proliferation and migration of HTLV-1-infected cells To clarify the physiological significance of upregulated Wnt5a expression in HTLV-1-positive cells, we knocked down Wnt5a by short hairpin RNA (shRNA) in several cell lines, including ATL-T, MT-2 and MT-4. Suppressing Wnt5a expression impaired cell proliferation (Figure 5a) . Recent studies have shown that Wnt5a is involved in cancer metastasis, 37 ,38 so we further analyzed cell migration. We found that knockdown of Wnt5a impaired cell migration using a trans-well T-cell migration assay ( Figure 5b) . As Wnt5a is a secreted ligand, we next studied effect of an antibody to Wnt5a on migration of HTLV-1-infected cell lines. Anti-Wnt5a antibody suppressed migrating ability of ATL-T and MT-2 cells (Figure 5c ). In addition, to confirm the specificity of the shRNA and anti-Wnt5a antibody used in ATL cells, we performed similar experiments in an HTLV-1-negative T-cell line, CEM, in which Wnt5a is undetectable by real-time PCR. As expected, neither cell proliferation nor migration was affected by inhibition of Wnt5a (Supplementary Figure S3) . Collectively, these results demonstrated a supporting role of Wnt5a in the proliferation and migration of ATL cells.
DISCUSSION
Dysregulation of the Wnt pathways has been implicated in viral transformation, [15] [16] [17] [18] [19] and several viral proteins are known to interact with the key cellular factors of this pathway. The hepatitis B viral X protein binds to adenomatous polyposis coli, 15 and the nonstructural 5A protein of hepatitis C virus targets the interaction between b-catenin and GSK-3b. 16 Both hepatitis virusencoded proteins induce the nuclear accumulation of b-catenin, which is associated with the pathogenesis of hepatocellular carcinoma. Similarly, the Kaposi's sarcoma-associated herpesvirus latency-associated nuclear antigen interacts with GSK-3b and stabilizes b-catenin. 17 To our knowledge, all reported instances of virus-induced Wnt dysregulation were the activation of the canonical pathway due to the stabilization of b-catenin. On the contrary, here we demonstrate that HTLV-1 employs a unique mechanism to inhibit the canonical Wnt pathway. The viral protein HBZ is able to potently suppress canonical Wnt activation by targeting downstream of b-catenin. Because the canonical and noncanonical pathways are mutually antagonistic, it is possible that canonical Wnt suppression by HBZ facilitates noncanonical Wnt activation, for proliferation and migration of ATL cells.
It has been reported that TCF1 and LEF1 are predominantly expressed in T cells. 12, 31, 32 Targeted inhibition of LEF1/TCF1 by HBZ and resulting inactivation of the target gene transcription is an efficient way to block the canonical Wnt pathway in T cells. In addition, HBZ has an alternate mechanism for the suppression of the canonical Wnt pathway: it is able to induce transcription of the noncanonical Wnt5a, which antagonizes the canonical Wnt pathway.
14 Although the canonical Wnt pathway is crucial for T-cell development, 12, 13 its functional role in mature T cells is barely understood so far. A recent study has shown that b-catenin is a negative regulator of peripheral T-cell activation. 39 It is possible that HBZ achieves canonical Wnt suppression in order to promote cellular proliferation in the periphery. These multiple strategies by HBZ could restrict HTLV-1-infected cells to inactive canonical Wnt pathway and allow peripheral T cells to be activated.
Besides its contribution to canonical Wnt suppression as an antagonist, HBZ-induced Wnt5a expression has another significance. Although Wnt5a has been regarded as a tumor-suppressor gene in various studies, 14 accumulating evidence suggests its oncogenic capacity. Overexpression of Wnt5a in tumor cells has been a predictor of poor prognosis for several cancers. [40] [41] [42] [43] Moreover, Wnt5a is also involved in promoting cancer invasion and metastasis, 37, 38, [44] [45] [46] implying that Wnt5a contributes to tumor progression. This study showed the oncogenic role of Wnt5a in ATL and its involvement in ATL cell expansion, based on our findings that knockdown of Wnt5a inhibits both cellular proliferation and migration. Indeed, through analyzing the microarray data (available in the public Gene Expression Omnibus database) provided by the project named Joint Study on Prognostic Factors of ATL Development, 47 we found that the transcription level of Wnt5a was significantly elevated in ATL cases (Supplementary Figure S4a) , which strongly supports our conclusion.
It is of great interest to notice that HBZ counteracts Tax in many signaling pathways, such as NF-kB, CREB and TGF-b. [26] [27] [28] 36 Tax is a potent activator of both the canonical and noncanonical NF-kB pathways and has an important role in cellular transformation in vitro. 6, 48 However, recently it has been reported that cellular senescence is induced by Tax-mediated NF-kB activation. 49 HBZ inactivates p65 and inhibits selectively the canonical NF-kB pathway, 26 helping cells to evade senescence and supporting cell proliferation. 49 This suggests a possible role of HBZ to counteract against Tax and thus bypass underlying negative effects by Tax in various signaling pathways. In this study, we found that Tax is actually an activator of the Wnt/b-catenin pathway through forming complex with DAPLE and Dvl, whereas HBZ represses the pathway downstream of b-catenin, suggesting that HBZ can avoid possible negative effects of Tax on this pathway, as in the interplay of HBZ and Tax in NF-kB regulation. Indeed, it has been reported that the canonical Wnt pathway was activated in an HTLV-1-transformed cell line C8166 and ex vivo cultured cells from one ATL patient. 50 Because C8166 expresses much higher amount of Tax protein than other HTLV-1-transformed or ATL cell lines, 51 and primary HTLV-1-infected cells start expressing Tax immediately after being subjected to ex vivo culture, 52 regulation of the Wnt pathway by Tax might be dominant in such setting. We speculate that the Wnt signaling cascades in HTLV-1-infected cells are dysregulated in different ways under various conditions. Because HBZ harbors a strong suppressive ability for the canonical Wnt pathway and its expression level is higher than that of Tax in fresh ATL cells, 53 we hypothesize that the canonical Wnt activity is suppressed by HBZ in fully transformed ATL cells in vivo. In support of our hypothesis, AXIN2, the most well-characterized canonical Wnt target gene, 13, 54 is downregulated in ATL patients compared with normal controls (Supplementary Figure S4b) , indicating the inactive state of the canonical Wnt pathway. Nevertheless, additional investigation will be needed to understand how HBZ and Tax regulate the status of the Wnt pathways throughout the leukemogenic processes of ATL.
In summary, we show that HBZ is able to suppress the canonical Wnt pathway by multiple strategies, such as interaction with LEF1/ TCF1 and induction of Wnt5a. Importantly, we demonstrate that Wnt5a, induced by HBZ in ATL cells, promotes both cellular proliferation and migration. This study on the dysregulation of the Wnt pathways by HBZ may unveil new molecular processes of oncogenesis by HTLV-1 and contribute to the development of novel therapeutic strategies.
MATERIALS AND METHODS
Yeast two-hybrid screen
A yeast two-hybrid screen was performed by Hybrigenics (http:/www. hybrigenics.com) on a random-primed Leukocytes and Activated Mononuclear Cells cDNA library using full length of spliced form HBZ as the bait.
Cell culture ATL-35T, ATL-2s, ATL-T, ED, MT-1, MT-2 and MT-4 are HTLV-1-infected T-cell lines. Jurkat, CEM, Hut78, Molt4, SupT1 and Kit225 are HTLV-1-negative T-cell lines. All T-cell lines were cultured in RPMI-1640 supplemented with 10% fetal calf serum and antibiotics (penicillin and streptomycin). IL-2-dependent Kit225 was cultured with 85 m/ml IL-2 in the medium. HEK293FT, HeLa, HepG2, L/Wnt3a and L/Neo were cultured in DMEM supplemented with 10% fetal calf serum and antibiotics. L/Wnt3a and L/Neo were stable transfectants of mouse L fibroblast cell line used as positive and negative control in our Top/Fop reporter assay. 55 JurkatMycHis-HBZ is established by overexpressing MycHis-HBZ and subsequent G418 selection and is maintained in normal RPMI-1640 medium supplemented with 1000 mg/ml G418.
Plasmids
Coding sequence of DAPLE was amplified using PCR using Herculase II Fusion DNA polymerase (Agilent Technologies, Inc., Santa Clara, CA, USA) and cloned into pCMV-Tag2 (Agilent Technologies, Inc.) to fuse FLAG tags in the N terminus. Expression vectors for HBZ and it mutants, Tax, SuperTopflash, SuperFopflash, pcDNA3/myc-Dvl2, pPolIII-Renilla, pEF-wtbcat and pEF-mmbcat, were described previously. 26, [56] [57] [58] Expression vectors for LEF1 and its mutants were generated by PCR amplification from cDNA of SupT1 and then subcloned into pCAG-FLAG vector to fuse FLAG tags in the N terminals. 59 Expression vectors for TCF1 were generated by PCR amplification from cDNA of Jurkat and then subcloned into pCAG-FLAG or pCAG-HA vector to fuse FLAG or HA tag in the N terminals. 59 Luciferase reporter assay Generally, 2 Â 10 5 cells per well were seeded in a 12-well plate and transfected with indicated combinations of plasmids using Lipofectamine LTX reagent (Life technologies, Carlsbad, CA, USA). Twenty-four hours later, cells were harvested and luciferase activities were measured using DualLuciferase Reporter Assay System (Promega, Madison, WI, USA) according to the manufacturer's instructions. All luciferase values were normalized with the activity of Renilla luciferase and represented as the mean of a triplicate set of experiments. CEM, Hut78, Molt4 and SupT1 were transfected by electroporation using Neon (Life technologies).
Knockdown
Knockdown of HBZ in HTLV-1-infected cells was performed with a lentivirusbased shRNA system, as described previously. 8 Knockdown of Wnt5a was performed with a lentiviral vector pLKO.1-based shRNA system (Open Biosystems, Lafayette, CO, USA). shRNA sequence specifically targeting exon 5 of Wnt5a was 5 0 -CGTGGACCAGTTTGTGTGCAACTCGAGTTGCACACA AACTGGTCCACG-3 0 .
Quantitative real-time PCR 
Lentiviral transduction
For packaging of the lentiviral vectors, 3 Â 10 6 293FT cells were seeded in a 10-cm dish and transfected with 7.5 mg of pVSV-G, 15 mg of pCMV-D8/9 (kindly provided by Dr Miyoshi H; RIKEN, Tsukuba, Japan) and 15 mg of transfer vector using TransIT-LT1 reagent (Mirus, Madison, WI, USA). Virus was harvested by collecting supernatant at both 48 and 72 h and concentrated by centrifugation at 25 000 g for 2 h at 4 1C.
3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay Cells were seeded in 96-well plates and at indicated time points, 10 ml of 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide solution was added. Cells were incubated at 37 1C for 2 h and then lysed by 100 ml of lysis buffer (4% Triton X-100 and 0.14% HCl in 2-propanol). Absorbance at 595 nm was measured by using a Microplate Reader (BERTHOLD TECHNOLOGIES GmbH & Co. KG, Bad Wildbad, Germany).
Co-immunoprecipitation
Co-IP in 293FT cells was performed as previously reported. 26 For the endogenous interaction between Tax and Dvl2 or DAPLE, ATL-T total cell lysate was incubated with anti-Tax (clone MI73) 60 or normal mouse IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4 1C, and following procedures were same as in 293FT. For the endogenous interaction between HBZ and LEF1 or TCF1, nuclear lysate of JurkatMyc-HBZ was extracted by nuclear complex Co-IP kit (Active Motif, Carlsbad, CA, USA) and incubated with anti-Myc (clone 4A6, Millipore, Billerica, MA, USA) or normal mouse IgG overnight at 4 1C. Following procedures were same as in 293FT. Antibodies used were as follows: anti-FLAG M2 (Sigma-Aldrich, St Louis, MO, USA), anti-Myc (clone 9E10, Sigma-Aldrich), anti-Myc (clone 4A6, Millipore), anti-Tax (clone MI73), 60 anti-Dvl2 (Cell Signaling Technology, Danvers, MA, USA) and anti-atubulin (clone DM1A, Sigma-Aldrich). Horseradish peroxidase-conjugated anti-mouse IgG was purchased from Sigma-Aldrich and horseradish peroxidase-conjugated anti-rabbit IgG was purchased from Cell Signaling Technology. Polyclonal antibody for DAPLE was generated by MBL International (Way Woburn, MA, USA).
Immunostaining
HeLa cells were transfected with Myc-HBZ and FLAG-LEF1 or HA-TCF1, respectively. After 48 h, cells were fixed with 4% formaldehyde, permeabilized with 0.1% Triton X-100 and blocked with 5% bovine serum albumin. Antibody incubation was performed at room temperature for 1 h using anti-Myc-FITC and anti-FLAG-Cy3 (Sigma-Aldrich) or anti-HAAlexa488 (Cell Signaling Technology) and anti-Myc-Cy3 (Sigma-Aldrich). Cells were mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA) and observed under a Leica confocal microscope (Leica Microsystems GmbH, Wetzlar, Germany).
Quantitative chromatin immunoprecipitation assay
Chromatin immunoprecipitation assay was performed as previously described. 61 Briefly, 293FT cells were seeded in a 10-cm dish and transfected with 1 mg of SuperTopflash and 1 mg of FLAG-LEF1, with or without 2 or 4 mg of Myc-HBZ. After 48 h, cells were fixed and subjected to immunoprecipitation with anti-FLAG (M2, Sigma-Aldrich) or normal mouse IgG (Santa Cruz Biotechnology) overnight at 4 1C. Precipitated DNA was purified and subjected to real-time PCR amplification. Primer sequences flanking the specific TCF/LEF-binding sites were 5
0 -TAGGCTG TCCCCAGTGCAAG-3 0 and 5 0 -TGCCAAGCTGGAATTCGAGC-3 0 .
Trans-well migration assay
A 24-well migration plate (BD Biosicences, San Jose, CA, USA) with 8 mm insert pore size was used and all the procedures were performed following the manufacturer's instructions. Generally, 2 Â 10 5 cells in RPMI-1640 with 1% fetal bovine serum were seeded onto the inserts and allowed for migration toward 10% fetal bovine serum containing medium within 24 h. In the case of ATL-T, migrated cells attached to the basolateral side of the membrane and were stained with Diff Quik (Sysmex, Kobe, Japan) and counted under a microscope. In the case of MT-2 and MT-4, migrated cells were collected and counted by an automated cell counter, Countess (Life technologies). The number of migrated cells were calculated as an average of three independent experiments.
